Magnus Effect RC Sailboat
Jackson Wagner

1 Abstract
In this project an operational remote-controlled sailboat was
constructed, which, instead of a traditional sail, has a rotating cylinder
that creates a similar lift effect. The rotating cylinder creates a force
in the presence of wind, which is used to drive the boat forward. This
force is due to the Magnus Effect. The Magnus Force is derived from a
combination of the Bernoulli Effect and conservation of momentum.
The rotating cylinder interacts with the external wind, slowing the
wind down on one side of the cylinder and speeding it up on the other

This paper was written for Dr. James Dann’s Applied Science
Research class in the spring of 2015.

98		

Jackson Wagner

side. This creates a low-pressure region on one side of the cylinder and
a comparatively high-pressure region on the other. Because of this
pressure differential across the cylinder, the boat experiences a net
force. The cylinder also works to deflect the wind, bending it slightly
in its direction of rotation. This spray of air also contributes to a net
force on the boat due to conservation of momentum. The boat is a
catamaran in which each pontoon is equipped with a rudder that can
be remotely controlled. The rotating cylinder can also be turned on and
off via remote control. In order to ensure that the cylinder functions
properly to move the boat forward, a wind sensor was designed using
a wind pennant, a magnet, and a hall chip. The sensor determines the
direction of the wind and directed current through the motor so that
the cylinder spins in the direction that produces forward motion.
2 Introduction
The idea to use the Magnus Effect as a means of propulsion was first
envisioned by the German engineer Anton Flettner. Flettner designed
tall, rotating pillars that would take the place of sails on ocean-bound
ships. These pillars created a force perpendicular to the direction of
the wind as prescribed by the Magnus Theory. A kiel beneath the water
used a conventional lift technique to translate this force into forward
motion. In 1925 the first ship of this sort set sail across the North Sea.
It was named Buckau. The rotor-sails allowed for the vessel to sail at
angles much closer to the direction of the wind than had been possible
with its former conventional rig. The technology would prove so
effective that starting in 1926 other ships would use it to traverse the
Atlantic ocean.
In the 1930’s, Flettner decided to take his technology to the air. He
constructed an airplane that had cylinders that could rotate in the
place of wings, producing a force perpendicular to the direction
of motion, just as the pillars on his ships had done [1]. At the time
the technology did not prove practical, so the concept was quickly
discarded. Instead of using the cylinders for propulsion as in the boat,
these rotating cylinders provided an upward force to lift the aircraft
into the air by creating a pressure differential on different sides of the
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cylinder (according to Bernoulli’s law) and due to turbulent air thrust
downward by a frictional attraction between the air and the cylinders.

Figure 1: Free body diagram of rotating cylinder experiencing Magnus Effect [2].

The Magnus Effect on a cylinder rotating in the counterclockwise
direction under the influence of an apparent wind velocity to the left
creates a net force in the upward direction.
In recent years the validity of the Magnus Effect as a means of creating
lift for aircraft has been reevaluated. A company called iCar101 has
envisioned a new aircraft the size of a car capable of traveling more
than 1000 km at a speed of 280km/hr. This design exploits the Magnus
Effect to deliver the lift needed for liftoff in a much more compact
vehicle than was ever possible before [3]. New drone designs also
employ the Magnus Effect as a means of achieving low-speed flight
and increased stability [4].
This means of creating lift is so interesting to explore because as of now
Magnus Effect technology is in mostly uncharted waters, so to speak.
Rumors of increased efficiency, better stability, higher sailing angles
for sea craft and increased lift make me excited to further explore this
technology and hopefully expand its horizons. With “drone fever”
currently infecting the first world, I can imagine a myriad of ways that
the Flettner wing could be used to solve engineering problems. Be it in
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street level air navigation, package delivery, or efficient crop dusting,
the Flettner wing has the potential to contribute to the solutions of our
current challenges in aviation. Through the process of building a boat
powered by the Magnus Effect, I will be able to evaluate the potential
of this mode of lift creation.
3 Theory
3.1 Theory Concepts
3.1.1 The Magnus Effect
The Magnus effect predicts that a rotating, cylindrical object moving
through a fluid will experience a force perpendicular to the direction
of motion, such that
Fm = LρG(v x w)/(w)

where ρ is the density of the fluid, G is the vortex strength in (m^2/s),
v is the apparent velocity vector of the fluid as experienced by the
cylinder, L is the length of the cylinder, and w is the angular velocity
vector of the cylinder. The following equation describes G [5].
G = 2πrw

In this equation r represents the radius of the cylinder.
This effect can be rationalized using both Bernoulli’s Principle and the
law of conservation of momentum.
Bernoulli’s Principle states that the pressure a fluid exerts decreases as
its velocity increase according to the equation:
P + pgy + 1/2 * pv2 = constant

Assuming a constant altitude, it is evident that as v increases, P will
decrease accordingly. In the case of a rotating cylinder traveling
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through the air at a velocity v, the flow of the air over the cylinder is
affected by the cylinder’s rotation due to frictional interference. Thus,
air flowing over the side of the cylinder—which is traveling in the same
direction as the apparent wind—is sped up, while the air traveling
around the cylinder on the opposite side experienced an inhibition of
flow and is slowed down.

Figure 2: Airflow around rotating cylinder [6].

In Figure 2 a pressure differential is created across the cylinder, as the
speed of the fluid passing over the top of the cylinder is reduced by
the rotation of the cylinder while the fluid speed is increased over the
bottom, creating a net downward force assuming the cylinder is fixed.
With air traveling faster on one side of the object than the other, a
difference in pressure is produced, creating a force towards the side of
greater airflow [6].
Conservation of momentum also contributes to the Magnus Force. Due
to a frictional attraction between the surface of the spinning object and
the fluid that surrounds it, fluid traveling over the side of the object
that is spinning “sticks” to the surface, altering its path. After it passes
the object its velocity is directed slightly downward or towards the axis,
which marks the center of the object in the horizontal plane.
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Figure 3: Air velocity vectors before and after encountering cylinder [6].

In Figure 3 the velocity vector of the portion of the fluid that passes
over the top of the cylinder is redirected slightly downward due to a
frictional interference.
The law of conservation of momentum states that in a closed system the
initial momentum equals the final momentum where momentum of P
= mv. In this closed system comprised of air and the rotating cylinder,
the initial momentum in the Y direction is zero, as neither the cylinder
nor the air is moving up or down. However, after the air passes over the
cylinder, its velocity is altered so that it is directed slightly downward.
This downward momentum of the air is compensated for by an equal
and opposite momentum of the rotating object in the positive Y
direction, contributing to its lift.
3.1.2 The Electric Motor
In the boat an electric motor is used to spin the cylindrical sail and
create forward thrust. At the core of these motors is the theory of
electromagnetism.
In order for an electric motor to spin, the rotor must experience a
torque delivered by the stator. Once experiencing a torque, the rotor
will accelerate angularly according to the equation:
ΣT = Iαvector

where T is the net torque, I is the moment of inertia, and α is the angular
acceleration. In order to create a torque, a force must be applied at a
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distance r from the pivot point, so that
ΣT = Fvector x rvector

In the case of the electric motors used in this boat, the stator is comprised
of a series of permanent magnets with each of their magnetic fields
emanating inwards towards the rotor. The rotor is armed with wire coils
acting as electromagnets. By manipulating the direction of the current
through the electromagnets by using a brush and taking advantage of the
attraction of opposite magnetic poles and the repulsion of like magnetic
poles, the motor creates a consistent and positive net torque in the same
direction, and thus a positive angular acceleration.
When current runs through a straight wire, an electric field is created.
This field runs in concentric circles around the wire in the direction
prescribed by the right hand rule, where the current is the direction of
the thumb and the curling of the fingers is the direction of the electric
field. The strength of such a field can be described using the equation:
B = μ0I/(2π*r)

B represents the magnitude of the magnetic field, μ0 the permeability
constant, I is the current running though the wire, and r is the radius
from the wire at which the magnetic field is being measured.
When a wire is coiled into what is known as a solenoid, the magnetic
field it produces is compounded so that the total magnetic field behaves
somewhat like a bar magnet with a north pole at one end of the coil
and a south pole at the other end. The direction of the magnetic field
can be determined using the right hand rule, where the curling of the
fingers represents the direction of the current through the wire and the
direction of the thumb represents the direction of the magnetic field
produced by the solenoid. The magnitude of the magnetic field of a
solenoid can be described using the following equation:
B = μnI
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n is the number of coils per unit length and I is the magnitude of the
current that runs through the solenoid [7].
3.1.3 The Gear Box
Mechanical advantage can be achieved through a gear box by exploiting
conservation of energy. In a system of gears, the work put into the
system by the motor is equal to the work output of the axel. Because
W = F*d = T*θ

the equation for mechanical advantage can be deduced to be:
M.A. = Fout/Fin = Din/Dout

In a system of gears, d is equivalent to the distance that the force is
applied along the circumference of the gear. Each linked gear has an
equivalent tangential velocity. However, since the radii of the gears
vary, the angular velocities of the gears vary as well. Gears with larger
radii have lower angular velocities, according to the equation:
Vtangential = w*r

Thus, through a manipulation of gear radii in a gear box, the ideal
combination of torque and angular velocity in spinning the cylindrical
sail can be achieved.
3.1.4 The Buoyant Force
The boat is given the ability to float by the buoyant force, the upward
force that counteracts mg when water (or any other fluid) is displaced.
The buoyant force is given by the equation:
Fb = pvg

where p is the density of the fluid being displaced, v is the volume of
the fluid displaced, and g is the acceleration due to gravity. In order
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for the boat to float, mg must equal pvg for water before the boat is
completely submerged.
3.1.5 Hall Sensors
The hall sensor works by producing a voltage when in the presence of
a magnetic field. This Magnus Effect RC Sailboat takes advantage of
this fact in order to sense the direction of the wind and thus determine
which direction the cylinder is spinning. When moving charges are
not in the presence of a magnetic field, they continue in a straight path.
However, when they are exposed to a magnetic field that is not parallel
to the direction of motion, the charges experience a force. This force is
determined by the equation, FB = qvBsin(θ), where q is the magnitude
of the charge in coulombs of the moving charge, v is the velocity of
the charge, B is the magnitude of the magnetic field and θ is the angle
between the velocity vector and the magnetic field. When this force
is applied to current through a conductor, the conductor becomes
polarized so that charges of one type accumulate on one surface of
the conductor and an equal and opposite net charge accumulates on
the opposite face of the conductor. This separation of charges creates
a potential difference. In the hall chip, when this potential difference
exists, current flows through the output wire. When it does not exist,
as it is not in the presence of a magnetic field, current flows as usual
to ground.
The hall chip is used to trigger a relay component on and off. The relay
is composed of a wire coil on one end, and two switches on the other.
When current runs through the coil, the relay is on. This creates a small
magnetic field, as this coil is a solenoid just as the electromagnets are.
When the relay is in the on position, this magnetic field pushes the
two switches away from it, because the switches are made of magnetic
reeds, forming one set of electrical connections. The magnetic reeds are
repelled because the north pole of each reed faces the north pole of the
internal electromagnet when it is on. When no current flows through
the coil and the relay is off, the magnetic reeds are not pushed away,
so they snap back into their base position so as to restore the natural
shape of the reeds and form two different connections. Using the two
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internal switches of the relay, the current through the electromagnets of
the motor can be reversed, changing the motor’s direction of rotation.
3.2 Theory Applied
3.2.1 Gear Box Calculations
The electric motor achieves an angular velocity of 3100 rpm. The gear
mounted to the motors shaft has a diameter of 3 cm. The gear mounted
to the the rotating cylinders axle has a diameter of 10 cm. Thus we can
solve for the expected angular velocity of the rotating cylinder.
Vtangential = w*r
w1*r1=w2*r2
(3100 rpm)(1.5 cm)=(w2)(5cm)
(w2)=930 rpm
The effective torque ratio of the gearbox can also be determined using
conservation of energy and the equation
W = F*d = T*θ
Wmotor = Wcylinder axle
Tmotor *(3100 rpm) = Tcylinder axle *(930 rpm)
(Tcylinder axle)/(Tmotor) = 3.333
This increase in torque helps the rotating cylinder to get up to speed
and to change directions of rotation quickly while the boat is sailing.
The angular acceleration of the cylinder immediately after the motor is
engaged can be determined using the equations
ΣT = Iαvector and
I = ∫r2dm
The moment of inertia of the rotating cylinder system can be
approximated through the addition of the moment of inertia of a disk
(the gear) or mass .18 kg and the moment of inertia of a cylindrical
shell of mass 1.81 kg. Therefore
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Inet= 1/2(.18kg)(.05m)2 + (1.81kg)(.04m)2 = 3.12x10-3kgm^2
ΣT = Iαvector
3.333*(Tmotor)/3.12x10-3kgm^2 = αvector
αvector=((Tmotor)1067.93)rad/s
3.2.2 Magnus Force Calculations
The drag coefficient of a long cylinder has been measured to be roughly
0.82 [8]. In the a typical sailing scenario, the wind velocity vector
will be perpendicular to the angular velocity vector of the rotating
cylinder. Thus the cross product of these vectors is equal to their scalar
multiplication. Using this and the following equation, an approximate
value for the Magnus Force on the cylinder experiencing an apparent
wind velocity v can be obtained.
Fm = LρG(v x w)/w
G = 2πrw
Fm = (.8m)(1.225 km/m^3)(2π * .04m * 97.4 rad/s)v = (23.2*(wind
velocity))Newtons
3.2.3 Buoyant Force Calculations
The total mass of the boat is 11 kg. This calculation determines the
volume of water that the boat needs to displace in order to stay afloat.
Fb = pvg
mg = pvg
11kg * g = (999.97kg/m^3)gv
v = .011 m^3
The following is a calculation approximating the volume of the hulls
of the boat.
V = 35in * 17.5in * 2.5in = 1531in^3 = .025 m^3
Thus the hull volume of the boat should be sufficient to keep it afloat.
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4 General Explanation of Operation
In order to utilize the natural wind to create forward propulsion
exclusively, the catamaran senses the direction of the wind and spins
the cylinder in the appropriate direction so that the Magnus force
is a positive contributor to the boat’s forward motion. Let’s take an
example to explore just how the rotating cylinder deflects the wind to
create a force and how this force contributes to the forward motion of
the catamaran.

Figure 4: Wind deflection due to cylinder: wind direction from the North-East,
forward motion of boat towards top of page, cylinder rotating counter-clockwise.

In Figure 4, because of the cylinder’s counter-clockwise rotation,
the wind wraps around the side of the cylinder moving in its same
direction due to a frictional interaction, and is deflected slightly
backwards, contributing to the boat’s forward motion via conservation
of momentum. The fins under the water counteract any sheering force
from the wind with a normal force, working to cancel forces not along
the boat’s axis of forward motion.
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Figure 5: Pressure differential surrounding cylinder: wind direction from the NorthEast, forward motion of boat towards top of page, cylinder rotating counter-clockwise.

Due to the cylinder’s counter-clockwise rotation, the wind is accelerated
on the forward face of the cylinder while it is slowed on the backwards
facing surface. Because of Bernoulli’s Law, a low-pressure region is
created where the wind speeds are higher and a high-pressure region
is created where the wind speeds are lower. This pressure differential
around the cylinder creates a force on the cylinder in the boat’s general
forward direction depending on the direction of the wind. The fins
under the water work to channel this force, redirecting any horizontal
components of the force into a force that can contribute to the boat’s
forward motion.
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5 Design
5.1 Physical Design
The physical design of the boat consists of two hulls, each with its own
rudder and centerboard. This design increases the stability of the boat
by widening its base, allowing the boat to work effectively in higher
wind speeds. The two pontoons are made of low density foam and have
a wide design to maximize surface area, thus minimizing the depth of
water drawn and reducing drag. The wetted surface of each pontoon
measures to be approximately 36in by 8.5in. The two pontoons are
linked using a wooden frame that is amended to each pontoon using
bolts that go all the way through the foam with washers on each end.

Figure 6: Digital model of boat (dimensions in inches) with views of front, back, top,
bottom, and side of boat.

The boat is equipped with a rotating cylinder, centered on the frame
connecting the two pontoons and appended to a carbon axle of 38in.
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The axle is mounted vertically in a box made of wood and acrylic
that houses two bearings so that the cylinder can rotate freely. The
dimensions of the box are 4in by 20in by 6in. This provides a sturdy
base for the cylinder to minimize wobbling. The cylinder itself has a
height of 33in and a radius of 2in. The cylinder is tall so as to increase
the surface area in contact with the air to increase the Magnus force,
and slender so as to decrease the moment of inertia of the system to
make it easier for the motor to change its direction of rotation when
the wind shifts.
The gearbox responsible for rotating the cylinder is designed to increase
the torque of the motor to make it easier to switch the direction of
rotation of the cylinder. The gear amended to the axle of the motor has
a radius of 1.5cm whereas the gear amended to the axle of the cylinder
has a radius of 5cm, increasing the torque of the system. The motor
is attached to a plate that can be rotated around an axis, allowing for
easy removal and tightening of the chain, and making removal of the
cylinder possible as well.

Figure 7: Gear box design with view of motor, gears, and motor support plate system.
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The rudders are linked using parallel acrylic beams so that they steer in
unison when moved by a small electric motor and are made out of 1/8in
acrylic for a sleek, hydrodynamic design. When activated via a voltage
output from the micro-controller, the small electric motor spins a
gear, which in turn moves an axle to either the right or the left. This
sideways push or pull is utilized to turn the rudders by being applied
to a shaft attached to a rudder, a pivot, and the parallel acrylic beams.
In this way, both rudders can be steered in unison to either the right or
the left via remote control.

Figure 8: Rudder design—rudders steer in unison using parallel acrylic beams and two
pivot points.

The boat is also equipped with a wind sensor designed to determine
the direction of rotation of the cylinder based on the direction of the
wind. The wind sensor is composed of a wind pennant with a magnet
attached to it, and a hall sensor. The pennant is modified so that it
becomes a binary sensor, sensing whether the wind is coming from
the right or the left, by using two stopping pegs mounted to an acrylic
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plate just below the pennant. When the wind is coming over the boat’s
left pontoon, the hall sensor is triggered by the magnet on the wind
pennant, causing the cylinder to spin clockwise. When the sensor
is not triggered, the cylinder spins counter-clockwise. The circuit
designed to switch the direction of rotation of the cylinder is housed
in an acrylic box on the bow of the boat to keep the electronics dry and
to avoid short-circuiting due to moisture.

Figure 9: Wind sensor and circuit.

The wind sensor is seen on the left side of the image, complete with
wind pennant and hall sensor. The circuit is contained in the clear
acrylic box mounted between the pontoons.
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5.2 Circuit Design

Figure 10: Circuit schematic, consisting of two relays, two power sources, a hall chip,
an electric motor, a resistor, and a micro-controller.

When a voltage is created by the micro-controller, the relay in the top
left of the schematic is triggered, completing the rest of the circuit. The
voltage output of the micro-controller can be controlled via remote
control. This relay removes the need for manual switches and conserves
power while the cylinder is not active.
The rest of the circuit is designed to switch the direction of current
flowing through the electric motor based on the triggering of a hall
chip. It consists of two power supplies, a hall chip, a relay and an
electric motor. When the hall chip is in the presence of a magnetic
field, it outputs a voltage which is used to switch the relay. This relay
is responsible for controlling the direction of the current generated by
the 27-volt power supply through the electric motor. Each time the
relay changes states the direction of current in the motor switches. The
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relay also enables this large voltage source to power the motor without
having it power the logic of the circuit by creating an isolated loop
involving only the motor and the power source.
The hall chip responsible for changing the state of the second relay is
powered by a 6V power supply. This voltage is just enough to produce
enough current through the hall sensor that then triggers the relay
without blowing out the sensor itself.
6 Results
6.1 Power Consumption
The power consumption of the motor was measured by placing a 0.1
Ohm resistor in series with the motor and measuring the voltage across
the resistor using a multimeter. From this measured voltage drop, the
current through the motor was calculated using Ohm’s law, V = IR.
With this new calculated current, the power dissipated by the motor
was calculated using the equation P = IV. The power dissipation was
calculated for multiple voltages of the power source, and then recorded
in the following graph.

Figure 11: Graph charting power consumption against voltage.
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According to the best fit curve, the data above follows a trend represented
by the equation, (Predicted power consumption) = 1.62*(Voltage) - 6.616.
6.2 Turning Radius
The rudders turn θ = 10 degrees to the right and left when activated
by the remote control. The rudders and the centerboards have d = 18in
of separation. The following are calculations for the minimum turning
radius of the boat.

Figure 12: Turning radius geometry diagram for calculation.

(d/2)/r = cos(90 - θ/2)
(18in/2)/r = cos(90 - 10/2 degrees)
9/r = cos(85)
r = 103.26in
The turning radius of the boat is 103.26in. During testing this radius
was seen to vary with wind speed so that when the boat was going
faster it made tighter turns.
6.3 Radio Communication Range
The Radio Communication Range was measured to be 44 yards without
obstruction and with new batteries.
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6.4 Voltage vs Angular Velocity of Cylinder
The angular velocity of the cylinder was measured for different voltages
of the power source used to power the cylinder.

Figure 13: Graph charting angular velocity against voltage.

The relationship between voltage of power supply and angular speed
of the cylinder can be described by the equation (Predicted Angular
Speed) = 50*(Voltage) + 53.852.
6.5 Boat Speed
The upwind speed of the boat was tested in variable wind speeds
ranging from 0 mph to approximately 8 mph in flat water on the
recreational pool at Menlo College. A course of 14 ft was marked and
the boat was steered in a straight line along the course. The time that
the boat took to complete the course was measured to be 15 seconds.
The wind during the test was directed between roughly -30 degrees
and 30 degrees of the bow. In this upwind test the boat had an average
speed of 0.93 ft/s.
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